Chloroplasts are plant organelles that carry out oxygenic photosynthesis. Chloroplast biogenesis depends upon chloroplast ribosomes and their translational activity. However, regulation of chloroplast ribosome biogenesis remains an important unanswered question. In this study, we found that inhibition of target of rapamycin (TOR), a general eukaryotic checkpoint kinase, results in a decline in chloroplast ribosomal RNA (rRNA) transcription in the unicellular red alga, Cyanidioschyzon merolae. Upon TOR inhibition, transcriptomics and other analyses revealed increased expression of a nuclear-encoded chloroplast RelA-SpoT homolog (RSH) gene (CmRSH4b), which encodes a homolog of the guanosine 3 0 -diphosphate 5 0 -diphosphate (ppGpp) synthetases that modulate rRNA synthesis in bacteria. Using an Escherichia coli mutant lacking ppGpp, CmRSH4b was demonstrated to have ppGpp synthetase activity. Expression analysis of a green fluorescent protein-fused protein indicated that CmRSH4b localizes to the chloroplast, and overexpression of the CmRSH4b gene resulted in a decrease of chloroplast rRNA synthesis concomitant with growth inhibition and reduction of chloroplast size. Biochemical analyses using C. merolae cell lysates or purified recombinant proteins revealed that ppGpp inhibits bacteria-type RNA polymerase-dependent chloroplast rRNA synthesis as well as a chloroplast guanylate kinase. These results suggest that CmRSH4b-dependent ppGpp synthesis in chloroplasts is an important regulator of chloroplast rRNA transcription. Nuclear and mitochondrial rRNA transcription were both reduced by TOR inhibition, suggesting that the biogeneses of the three independent ribosome systems are interconnected by TOR in plant cells.
INTRODUCTION
Chloroplasts are essential organelles in plant cells that carry out oxygenic photosynthesis and other biosynthetic reactions. The chloroplast has its own DNA genome that encodes proteins not only for photosynthesis, but also for formation of the chloroplast ribosome, which is a universally conserved cellular machinery for protein synthesis. Because ribosome biosynthesis and translational activity are major consumers of cellular building blocks and energy (Warner, 1999) , the mechanisms that modulate these processes represent an important topic in prokaryotic and eukaryotic cell biology. However, investigations of ribosome biogenesis in eukaryotic cells have been mostly concentrated on the cytosolic ribosome, and organelle ribosome biogenesis has been examined less extensively. In plant cells, the chloroplast has a central role in various biosynthetic reactions, and it is well known that the number, size and activity of chloroplasts are highly dependent on the environment, especially the nutritional status of the cell (Li et al., 2013) . In this study, we hypothesized that these changes are likely accompanied by regulation of chloroplast ribosome biogenesis, and focused on the underlying mechanism involved.
The rate-limiting step of ribosome biogenesis is thought to ribosomal RNA (rRNA) transcription (Hannan et al., 1998) . Among eukaryotes in general, cytosolic rRNA is encoded by the nuclear genome, and its transcriptional regulation is well understood. In yeast and mammals, multiple signaling pathways, including 'target of rapamycin' (TOR) signaling, are involved in the regulation of rRNA transcription through Rrn3/TIF-IA (Mayer et al., 2004) . These signaling pathways are required for the formation of the preinitiation complex containing RNA polymerase I. TOR is a highly conserved serine/threonine protein kinase that plays a central role in the regulation of cell growth and metabolism (Laplante and Sabatini, 2012; Virgilio and Loewith, 2006; Wullschleger et al., 2006) , and is found in two functionally distinct multi-protein complexes: TOR complex 1 (TORC1) and TOR complex 2 (TORC2). TORC1 regulates cell growth and metabolism in response to nutrient and energy requirements (Virgilio and Loewith, 2006; Wullschleger et al., 2006) , and its kinase activity and functions are inhibited by rapamycin, a TOR-specific inhibitor (Heitman et al., 1991) . Previous studies have revealed that TORC1 directly binds to the rRNA gene promoter region, and regulates its transcription in fungi, mammals and plants (Li et al., 2006; Ren et al., 2011; Tsang et al., 2010) . In contrast, TORC2, which is involved in the regulation of cytoskeleton structure and spatial features of cell growth, is not inhibited by rapamycin (Virgilio and Loewith, 2006; Wullschleger et al., 2006) .
The rRNA for the chloroplast and mitochondrial ribosomes are encoded by the genomes of each organelle. In comparison with nuclear rRNA transcription, much less is known about the regulation of rRNA transcription in these organelles. In bacteria, which share evolutionarily related ribosome systems with these organelles, an RNA polymerase comprising multiple subunits catalyzes rRNA transcription. In the case of Escherichia coli, transcription from the promoters of rrn operons is regulated by an RNA polymerase containing the principal sigma factor, r 70 , in cooperation with trans-acting factors, such as Fis, H-NS, Lrp and DksA (Jin et al., 2012) . In addition, the stringent response triggered by the accumulation of guanosine 3 0 -diphosphate 5 0 -diphosphate (ppGpp) negatively regulates rRNA transcription in response to environmental nutrient changes (Paul et al., 2004; Magnusson et al., 2005) . In E. coli, two distinct enzymes, RelA and SpoT, control endogenous ppGpp levels. RelA synthesizes ppGpp, while SpoT is a bifunctional ppGpp synthetase and hydrolase. Orthologs of these two enzymes have been identified in almost all bacteria (Atkinson et al., 2011) . Two types of mechanisms for inhibition of rRNA transcription have been reported. In E. coli, ppGpp directly binds to RNA polymerase in cooperation with DksA to change promoter selectivity and severely inhibits rRNA transcription (Paul et al., 2004) . In contrast, in Bacillus subtilis, RNA polymerase is unaffected by ppGpp (Kr asn y and Gourse, 2004); instead, ppGpp inhibits GTP biosynthesis enzymes such as guanylate kinase (GK) and reduces the GTP pool (Kriel et al., 2012) . Because GTP is the initiating nucleotide for transcription of rRNA and tRNA genes (Kr asn y and Gourse, 2004), the reduced GTP levels strongly inhibit their transcription.
Chloroplast transcription is essentially carried out by a bacteria-type multi-subunit RNA polymerase, with a single subunit phage-type RNA polymerase additionally involved in vascular plants (Liere et al., 2011) . The nuclear genomes of land plants and algae encode chloroplast RelA-SpoT homologs (RSHs), and the ppGpp-signaling system has been shown to function in chloroplasts (Tozawa and Nomura, 2011) . There are physical interactions between ppGpp and RNA polymerase (Takahashi et al., 2004) , and ppGpp inhibits chloroplast transcript levels (Maekawa et al., 2015) and transcription rates (Sugliani et al., 2016) in vivo and in vitro (Sato et al., 2009) . Chloroplast GKs are inhibited by ppGpp (Nomura et al., 2014) , suggesting that both RNA polymerase and GK may be ppGpp targets in chloroplasts. However, little is known about the control of chloroplast ppGpp levels.
Cyanidioschyzon merolae is a unicellular red alga habituated to acidic hot springs, and contains one chloroplast, one mitochondrion and one nucleus. The complete genome sequences of these three organelles revealed their simple and minimally redundant gene contents (Matsuzaki et al., 2004; Nozaki et al., 2007; Ohta et al., 1998 Ohta et al., , 2003 . Based on the elucidation of these biological characteristics and the establishment of various tools for its analysis (Imamura et al., 2008 (Imamura et al., , 2010 Ohnuma et al., 2008; Watanabe et al., 2011) , this alga has become a good model organism for investigating various cellular mechanisms of photosynthetic eukaryotes at the systems level. In this study, we investigated chloroplast rRNA transcription under TORinhibited conditions, and found that activation of a nuclear-encoded chloroplast RSH is responsible for rRNA transcriptional repression.
RESULTS

Effects of rapamycin-induced TOR inhibition on cellular rRNA syntheses in Cyanidioschyzon merolae
Target of rapamycin is a serine/threonine protein kinase that monitors amino acids and other nutritional conditions, and regulates many cellular processes. Previous studies revealed that inhibition of TOR kinase represses nuclear rRNA transcription (Mayer et al., 2004; Wullschleger et al., 2006) . Here, we wished to determine whether TOR has a broader role in the inhibition of chloroplast and mitochondrial rRNA transcription. Because C. merolae is insensitive to the well-known TOR inhibitor rapamycin, we constructed a C. merolae strain, SF12, that overexpresses a yeast-derived FK506-binding protein (FKBP) to render the cell sensitive to rapamycin (Imamura et al., 2017) , and used the resultant strain in this study. We previously established a nuclear run-on assay that can detect de novo rRNA synthesis in the nucleus (Imamura et al., 2008) . Based on this method, we developed a run-on assay protocol in which newly-synthesized RNAs are labeled with DIG-UTP, to monitor de novo rRNA transcription in the chloroplast and mitochondrion ( Figure S1 ). It is of note that the chloroplast and mitochondrial transcription may interfere with one another during the assay as the isolated organelles could be broken in the reaction mixture. Using this method, we observed de novo rRNA synthesis occurring from the nuclear, mitochondrial and chloroplast genomes after TOR inhibition by rapamycin. Nuclear rRNA transcription was reduced 24 h after TOR-inactivation with rapamycin in comparison with the dimethylsulfoxide (DMSO) control (Figure 1) , as reported previously in other eukaryotes (Wullschleger et al., 2006) . Interestingly, rRNA transcription was reduced in a similar manner in the chloroplast and mitochondrion 24 h after TOR inhibition ( Figure 1 ). Total rRNA levels and DNA copy numbers of each organelle per cell were not changed by rapamycin treatment ( Figure S2 ). These results indicate that TOR positively contributes not only to de novo nuclear rRNA transcription, but also to that of the mitochondrion and chloroplast.
RSH in Cyanidioschyzon merolae
Next, we tried to clarify how TOR is involved in rRNA transcription in chloroplasts and mitochondria. To achieve this, we mined microarray data for C. merolae exposed to rapamycin treatment for 24 h (Imamura et al., 2015) . A gene predicted to encode a chloroplast RSH, CMN082C, was identified among the top 10 upregulated genes. We decided to further analyze the association of CMN082C with chloroplast rRNA transcription; as it has been reported that ppGpp synthesized by chloroplast RSH affects chloroplast functions (Maekawa et al., 2015; Sugliani et al., 2016; Tozawa and Nomura, 2011) . We hypothesized that in addition to nuclear rRNA transcription, TOR might regulate chloroplast rRNA transcription through modulation of nuclear-encoded CMN082C expression in response to nutritional and other physiological changes.
Four RSH genes, CMN082C, CMS120C, CMT625C and CMK147C, were previously identified in the C. merolae nuclear genome (Atkinson et al., 2011; Matsuzaki et al., 2004) . To assess their relationships with other plant RSH proteins, we performed a phylogenetic analysis ( Figure S3 ). CMS120C and CMT625C were assigned to the RSH1 group, and CMK147C and CMN082C were assigned to the CRSH (Ca 2+ -activated RSH) group. It is noteworthy that most proteins in the CRSH group contain EF-hand calcium-binding motifs, whereas CMK147C and CMN082C do not. We designated CMS120C, CMT625C, CMK147C and CMN082C as CmRSH1a, CmRSH1b, CmRSH4a and CmRSH4b, respectively. A domain search using the SMART algorithm (Letunic et al., 2012) predicted that CmRSH1a and CmRSH1b contain HD (involved in ppGpp hydrolysis), Syn (involved in ppGpp synthesis), TGS and ACT domains (Potrykus and Cashel, 2008) , while CmRSH4a and CmRSH4b contain only the HD and Syn domains (Figure 2a ). Further detailed alignment analyses of the four C. merolae RSH proteins with E. coli RelA and SpoT and Arabidopsis thaliana RSH1, RSH2, RSH3 and CRSH are shown in Figure 2b and c. Within the HD domain, conserved amino acids that are associated with ppGpp hydrolysis were present in CmRSH1a, but not in other RSHs. Within the Syn domain, a conserved Gly residue required for ppGpp synthetase activity (Wendrich and Marahiel, 1997) was present in CmRSH4a and CmRSH4b, but not in CmRSH1a and CmRSH1b. Based on these analyses, it can be suggested that C. merolae ppGpp synthesis and hydrolysis are conducted by CmRSH4a/CmRSH4b and CmRSH1a, respectively. . Error bars present the SD of the mean of biological triplicates, and asterisks indicate significant differences (Student's t-test, P < 0.01). We assumed similar organelle isolation yields per cell with and without rapamycin treatment.
Expression of RSH under TOR-inactivation conditions in Cyanidioschyzon merolae
Transcript levels of the four RSH genes were analyzed in the C. merolae SF12 strain using quantitative real-timepolymerase chain reaction (qRT-PCR). Among the four RSH genes, only CmRSH4b had clear transcription induction with rapamycin TOR inhibition (Figure 2d ). This result supported the microarray data previously obtained (Imamura et al., 2015) . CmRSH4b transcripts were also investigated under TOR-inactivation conditions using Northern blot analysis. The results showed that CmRSH4b transcripts were upregulated 24 h after rapamycin treatment ( Figure 3a) . We also measured the CmRSH4b protein level using the same conditions as those described in Figure 3a . To monitor the protein level, we constructed a TT082-FLAG strain, based on the rapamycin-sensitive C. merolae SF12 parental strain. Chromosomal CmRSH4b was modified to express a C-terminal epitope FLAG-tagged form of CmRSH4b (Figure S4) . When rapamycin was added to TT082-FLAG culture for 24 h, the CmRSH4b protein level was upregulated and remained elevated for another 24 h ( Figure 3b) . The CmRSH4b protein level correlated well with the CmRSH4b mRNA level, and the timing of inhibition of chloroplast rRNA synthesis is shown in Figure 1 . Together, these results support the hypothesis that TOR is involved in chloroplast rRNA transcription by altering nuclear-encoded CmRSH4b expression.
CmRSH4b ppGpp synthetase activity and chloroplast localization in Cyanidioschyzon merolae
We examined experimentally whether CmRSH4b has ppGpp synthetase activity, as predicted by sequence comparison. To determine its ppGpp synthetase activity, we constructed a plasmid to express CmRSH4b under the control of an IPTG-inducible promoter. This plasmid was introduced into an E. coli mutant strain, CF1678, that is deficient for both relA and spoT genes (Xiao et al., 1991) . pQE80L is an empty expression vector that was used for the plasmid construction, and was used here as the control. CF1678 transformed with pQE80L was unable to grow on M9 minimal medium due to the lack of ppGpp; however, growth was rescued by CmRSH4b expression (Figure 3c) . Both E. coli transformants could grow on M9 medium supplemented with 0.2% (w/v) casamino acid, which is a mixture of amino acids that can rescue CF1678 on M9 medium. These results indicate that CmRSH4b has ppGpp synthetase activity.
To investigate the intracellular localization of CmRSH4b, a plasmid designed to express a green fluorescent protein (GFP)-fused CmRSH4b protein was transiently introduced to C. merolae cells and GFP fluorescence was observed by microscopy. As shown in Figure 3d , GFP fluorescence co-
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To obtain genetic evidence that CmRSH4b is involved in chloroplast rRNA transcription, we first tried to construct a CmRSH4b-knockout mutant. However, we could not obtain such a mutant, which suggests that this gene is indispensable. As an alternative strategy, we constructed a plasmid that overexpresses CmRSH4b, pNITE-N082, and introduced it into C. merolae to generate the strain, RSH4b_ox. CmRSH4b expression in this strain can be induced by changing the sole nitrogen source from ammonium to nitrate ( Figure S5a ). The RSH4b_c strain, into which the empty pNITE plasmid vector was introduced, was used as the control. In RSH4b_ox, the CmRSH4b transcript level was about 400-fold increased 12 h after induction, as compared with non-induced RSH4b_c at 0 h ( Figure S5b ).
CmRSH4b transcripts were slightly increased in RSH4b_ox in ammonium growth conditions, which may have been due to leaky transcription from the nitrate reductase promoter. When the CmRSH4b protein levels in C. merolae grown in the same conditions as those shown in Figure S5b were examined, the levels of FLAG-tag-fused CmRSH4b protein in C. merolae grown on nitrate were increased in a similar manner to those of CmRSH4b transcripts (Figure 4a) . FLAG-fused CmRSH4b proteins were increased 6 h after induction, and their levels were maintained thereafter. Although the CmRSH4b transcript levels in RSH4b_ox under ammonium growth conditions were higher than those after TOR inhibition (Figures 2d and S5b) , no different phenotypes were observed in comparison with its control conditions (see below), implying that CmRSH4b expression/function is regulated at the level of a post-transcription. Under CmRSH4b-inducing conditions, the level of de novo rRNA synthesis in the chloroplast was investigated and compared with those in the nucleus and the mitochondrion. The de novo chloroplast rRNA synthesis level after CmRSH4b induction was significantly decreased at 12 h as compared with 0 h and the RSH4b_c control at 12 h (Figure 4b and c) . Mitochondrial rRNA synthesis was decreased in a similar manner to chloroplast rRNA transcription. These similar inhibitions of rRNA syntheses were observed 24 h after CmRSH4b induction ( Figure S6 ). In contrast, nuclear rRNA synthesis was unaffected by CmRSH4b induction. This point will be discussed further in the Discussion. Together, these genetic experiments show that CmRSH4b plays an important role as a negative regulator of chloroplast rRNA synthesis.
Given that CmRSH4b negatively controls chloroplast rRNA transcription, we hypothesized that CmRSH4b overexpression might affect cell growth. With ammonium growth conditions, RSH4b_ox and RSH4b_c grew in a comparable manner. However, growth of RSH4b_ox was severely inhibited on nitrate in comparison with RSH4b_c (Figure 4d) . Furthermore, the cell size was clearly reduced with CmRSH4b induction (Figure 4e) , and the chloroplast size was also markedly reduced. These characteristics are similar to those found with rapamycin treatment in our previous study (Imamura et al., 2015) . The presence of these growth and morphological traits supports the hypothesis that CmRSH4b has a negative effect on chloroplast rRNA transcription. (a) Conditional overexpression of CmRSH4b. Cyanidioschyzon merolae RSH4b_c and RSH4b_ox cells were grown until OD 750 = 0.5-0.7 in MA2 medium containing ammonia as a sole nitrogen source. Cells were collected by centrifugation, and gently resuspended in nitrate medium. After changing the medium, cells were harvested at the indicated times, and total protein was extracted from the cells. Aliquots containing 1.4 lg of total protein were then separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot analyzed using the method described in Figure 3b . Arrowheads indicate the positions of exogenous FLAG-fused CmRSH4b, and other features are the same as described in Figure 3b. (b) Level of de novo rRNA syntheses with CmRSH4b overexpression. Cells were harvested under the same conditions as described in (a) and subjected to run-on analysis to monitor de novo synthesis of rRNA in the three organelles, as described in Figure 1a .
(c) Signal intensities of de novo-synthesized rRNA transcription from three independent experiments. The values are presented as relative levels (time 0 in RSH4b_c is shown as 1.0) and asterisks represent significant differences (Student's t-test, P < 0.05).
(d) Effect of CmRSH4b overexpression on growth. RSH4b_c and RSH4b_ox cells were grown in ammonium medium to mid-log phase, and collected by centrifugation. Collected cells were inoculated into nitrate or ammonium medium at OD 750 = 0.1, and their growth monitored periodically.
(e) Effect of CmRSH4b overexpression on cell morphology. RSH4b_c and RSH4b_ox cells were grown under the same conditions as described in (d), and their morphologies were observed 7 days after medium change using bright-field microscopy. Bars correspond to 2 lm. [Colour figure can be viewed at wileyonlinelibrary.com].
ppGpp inhibits rrn16 transcription and chloroplast GK in vitro
In bacteria, the physiological effects of ppGpp are mostly due to inhibition of rRNA transcription, through at least two distinct mechanisms (Kr asn y and Paul et al., 2004) . To determine whether ppGpp has a similar role in C. merolae, we first investigated the effect of ppGpp on chloroplast rRNA transcription. To do so, we employed an in vitro transcription system using crude cell lysate prepared from C. merolae cells grown under our standard conditions. For the in vitro biochemical analysis, the precise transcriptional start site (TSS) of chloroplast rRNA was determined using a primer extension assay (Figure 5a ). We found that the chloroplast rRNA TSS mapped to a G that is located 24 bp upstream of the putative 5 0 -end of 16S rRNA (rrn16) (Matsuzaki et al., 2004) . When the rrn16 promoter region was used as template DNA for the in vitro transcription assay, an apparent transcript from the rRNA TSS was detected ( Figure S7a ). No band was observed in the absence of template DNA or cell lysate. The in vitro transcription was completely inhibited by the addition of rifampicin ( Figure S7b ), which is an inhibitor of bacteria-type RNA polymerase. These data indicated that the detected transcript was accurately transcribed from the input chloroplast rrn16 promoter by the bacteria-type RNA polymerase. We next examined the effect of adding ppGpp to the in vitro rRNA transcription reaction, and found that the in vitro transcription was inhibited by ppGpp in a concentration-dependent manner (Figure 5b ). Based on the negative correlation between ppGpp concentration and relative transcription, we calculated that ppGpp inhibited chloroplast rRNA transcription with an IC 50 of approximately 430 lM. Together, these in vitro transcription experiments demonstrated that ppGpp inhibits chloroplast rRNA transcription when it is mediated by a bacteria-type RNA polymerase. The initiating nucleotide for the rrn16 transcription was GTP, raising the possibility that ppGpp inhibits rRNA transcription by reducing the GTP concentration, in the same manner as for B. subtilis. To examine this further, the effect of ppGpp on GK activity was investigated in C. merolae. Three genes that encode GK; CmGK1 (CMD076C), CmGK2 (CMI041C) and CmGK3 (CMS484C); are present in the C. merolae nuclear genome. We first investigated the intracellular localization of these proteins as we did for CmRSH4b (Figure 3d ). Our results indicated that CmGK1 and CmGK2 localized to the cytoplasm, and CmGK3 localized to the chloroplast (Figure 5c ). To measure the enzymatic activities of these three proteins in vitro, His-tag fused proteins of each were overexpressed in E. coli and purified by affinity chromatography (Figure 5d) . A soluble fraction of full-length CmGK3 protein could not be isolated; therefore, the C-terminus (407 to 606, where +1 is the translation start site), harboring only the GK catalytic domain, was overexpressed and purified instead (Figure 5d) . The GK activity of each purified protein was measured (Figure 5e-g ). Although the GK activities of CmGK1 (Figure 5e ) and CmGK2 ( Figure 5f ) were unaffected by ppGpp, CmGK3 activity was inhibited in a ppGpp concentration-dependent manner (Figure 5g ). The relative GK activity of CmGK3 was plotted against the ppGpp concentration (Figure 5h) , and ppGpp inhibited the GK activity of CmGK3 with an IC 50 of approximately 280 lM. These results demonstrate that ppGpp also inhibits the GK activity of chloroplast-localized CmGK3.
DISCUSSION
In this study we demonstrated that the checkpoint kinase TOR is involved in chloroplast rRNA transcription in a unicellular red alga. Expression of the nuclear-encoded chloroplast RSH, CmRSH4b, was activated with rapamycininduced TOR inhibition, and when CmRSH4b was overexpressed it repressed chloroplast rRNA transcription. Thus, we proposed that CmRSH4b mediates the TOR activity signal to regulate chloroplast rRNA transcription ( Figure S8 ). TOR kinase is well known to coordinate various cellular processes, such as the nitrogen-depletion response and autophagy (Laplante and Sabatini, 2012 ). The present finding adds a new dimension to TOR regulation, given that chloroplast processes are an integral part of plant cells. In addition, we found that mitochondrial rRNA transcription was also repressed under TOR-inhibition conditions, as well as with CmRSH4b overexpression. A mechanism that connects the inhibition of TOR to mitochondrial rRNA transcription is not yet known. However, together with the TOR-dependent regulation of nuclear rRNA transcription, our results suggest that the three independent rRNA synthetic processes in the C. merolae algal cell are interconnected by TOR ( Figure S8) .
From an evolutionary standpoint, chloroplasts are considered to have originated from an endosymbiotic event of a cyanobacteria-like bacterium with a non-photosynthetic host eukaryotic cell. Thus, establishment of a relationship between the eukaryotic regulatory system and the bacterial regulatory system would have been essential during early chloroplast evolution. TOR is a master regulator that integrates nutrient and energy status to control cell proliferation and growth in eukaryotic cells, while the ppGppcentered regulatory system plays similar physiological roles in bacterial cells (Atkinson et al., 2011) . We suggest that these eukaryotic and bacterial systems of independent origins were connected in a primitive alga, which may indicate that coexistence of both systems was essential and thereafter conserved during algal and plant evolution. Chloroplasts are responsible for many biosynthetic reactions, including amino acid and ATP production in photosynthetic eukaryotic cells. Therefore, independent regulation of this major system may have been beneficial to maintain plant cell integrity.
With respect to the mechanism of ppGpp-mediated repression of chloroplast rRNA transcription, in vitro biochemical experiments showed that ppGpp inhibits transcription from the chloroplast rrn16 promoter and CmGK3 activity; with IC 50 values of 430 lM and 280 lM, respectively ( Figure 5 ). These ppGpp IC 50 values are an order of magnitude higher than those of other ppGpp-sensitive enzymes that have been analyzed: E. coli RNA polymerase for the rrnB P1 promoter in the presence of DksA,~2 lM; B. subtilis GK,~30 lM; and Oryza sativa chloroplast-localized GKpm, 10 lM (Kriel et al., 2012; Nomura et al., 2014; Paul et al., 2004) . The high IC 50 values of the C. merolae chloroplast enzymes may indicate very high ppGpp concentrations . Each purified His-tagged protein (0.6 lg) was resolved on a 15% gel using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The gel was stained with Coomassie Brilliant Blue. The molecular size markers are indicated in kDa at the left. (e-g) Assays for recombinant CmGK1 (e), CmGK2 (f) and CmGK3 (g) activities in the presence/absence of ppGpp. The activity of each purified GK protein was measured using a three-step coupled assay, as described in Experimental procedures. The consumption of NADH represents the GK activity in this assay. in vivo. However, we did not successfully detect ppGpp in C. merolae cells under our experimental conditions in which the limit of detection for ppGpp is about 20 pmol (Nomura et al., 2014) . This result may instead suggest that the intracellular concentration of ppGpp is very low as in other photosynthetic eukaryotes Takahashi et al., 2004) . To reconcile this discrepancy, we are currently considering the presence of unknown factor(s) that may be required for efficient inhibition of transcription from the rrn16 promoter. Such a factor may also be required for CmGK3 activity. For example, the IC 50 value of E. coli RNA polymerase transcription from the E. coli rrnB P1 promoter is increased about 10-fold in the absence of DksA in comparison with when DksA is present (Paul et al., 2004) . Another possible reason for undetectable ppGpp levels in C. merolae cells is that ppGpp may be specifically localized to a very small region of the chloroplast or be hydrolyzed during the extraction procedure. An accurate estimation of intracellular ppGpp using the highly sensitive quantification method is an important aspect for future research to better understand the mechanism of ppGpp-mediated repression of chloroplast rRNA transcription.
Previous studies in higher plants have suggested that ppGpp inhibits transcription of almost all chloroplast genes, including rRNA (Sugliani et al., 2016) . It has been also recently found that the expression of nuclear genes encoding plastid ribosomal proteins is regulated by TOR in Arabidopsis (Dobrenel et al., 2016) . Furthermore, other studies have revealed that TOR is a key player in regulating photosynthesis and phytohormone signaling pathways in Arabidopsis (Dong et al., 2015; Schepetilnikov et al., 2017) . For example, abscisic acid (ABA) inhibits chloroplast transcription in an RSH-dependent manner and induces RSH expression (Yamburenko et al., 2015) . Based on these observations, it is conceivable that TOR/RSH/ABA signaling may be involved in regulation of overall chloroplast transcription and nuclear-encoded plastid ribosome proteins in C. merolae as well as higher plants.
The mechanism that connects mitochondrial rRNA transcription and TOR activity is unknown. Mitochondrial rRNA transcription is well studied in mammals. In mammals, this transcription is initiated from two promoters, HSP1 and HSP2, and is regulated by a single-subunit RNA polymerase, POLRMT, which requires two primary transcription factors, TFB2M and TFAM, for its basal regulation (Bestwick and Shadel, 2013) . MTERF1 is also supposed to function as an activator of mitochondrial rRNA transcription from the HSP1 promoter. In comparison, mitochondrial rRNA transcription is poorly understood in algae and plants, and an improved understanding of the involvement of TOR in mitochondrial rRNA transcription is an important topic for future investigation. It should be noted that mitochondrial rRNA transcription was repressed not only under TOR-inhibited conditions, but also by CmRSH4b overexpression (Figure 4c ). One explanation for this is targeting of CmRSH4b to the mitochondrion; however, this seems unlikely because we could not find any evidence for mitochondrial localization of CmRSH4b in our immunofluorescence analysis (Figure 3d ). Another possibility is that repression of chloroplast rRNA transcription is signaled from the chloroplast to the mitochondrion through some unknown mechanism that then represses mitochondrial rRNA transcription.
Nuclear rRNA synthesis is inhibited 10 min after TOR-inactivation in Saccharomyces cerevisiae (Powers and Walter, 1999) . The present study indicated that the rRNA syntheses in the three organelles were reduced 24 h after the TOR-inactivation (Figure 1) . We recently constructed a human 4EBP1-expressing strain, SF12-4EBP1, in which TOR kinase activity can be monitored in vivo, and demonstrated that TOR activity was completely inhibited 6 h after the rapamycin treatment (Imamura et al., 2017) . This result suggests that the inhibition mechanism of rRNA synthesis after TOR-inactivation conditions is different between S. cerevisiae and C. merolae.
Chloroplasts are crucial organelles that both generate energy as well as produce storage molecules and metabolites that underpin cell growth. Protein synthesis in the chloroplast is essential for these functions; therefore, regulation of chloroplast biogenesis appears to be pivotal for plant cell integrity, even though its mechanism remains largely unknown. The findings in this study provide a basis for future investigations of chloroplast ribosome biogenesis. An improved understanding of the coordination of the three ribosomes will provide new insights into the growth regulation of algal cells and more complex plant cells.
EXPERIMENTAL PROCEDURES Strains and growth conditions
Cyanidioschyzon merolae 10D wild-type (WT), SF12 (Imamura et al., 2017) , TT082-FLAG, RSH4b_c and RSH4b_ox strains were grown at 40°C under continuous white light (50 lmol m À2 sec
À1
) in liquid MA2 medium (Imamura et al., 2010) at pH 2.5 bubbled with air supplemented with 2% CO 2 . For cultivation of SF12, uracil and 5-fluoroorotic acid were added to MA2 medium (0.5 mg mL À1 final concentration). For rapamycin treatment experiments, C. merolae cells in the logarithmic phase (OD 750 = 0.2-0.3) were treated with rapamycin dissolved in DMSO at a final concentration of 2.0 lM or the same volume of DMSO. Nitrate growth conditions used to induce CmRSH4b expression were as described previously (Imamura et al., 2010) .
Run-on analysis
Run-on analysis was performed as described previously (Imamura et al., 2008) , with modifications. A 1.5-mL C. merolae culture (about 3-5 9 10 7 cells mL
À1
) was harvested by centrifugation (2000 g, 4°C, 3 min), washed with 1.0 mL of Buffer A (20 mM HEPES-KOH pH 7.9, 5 mM KCl, 5 mM EDTA, 5 mM MgCl 2 , 180 mM sucrose), and the cells were again collected by centrifugation. The cells were resuspended in 1.0 mL of Lysis buffer [10 mM HEPES-KOH pH 7.9, 10 mM MgCl 2 , 10 mM NaCl, 0.5% (v/v) Nonidet P-40] containing Complete Mini, EDTA-free, protease inhibitor mixture (Roche Applied Science), and incubated on ice for 10 min to disrupt the cells. After centrifugation (2000 g, 4°C, 1 min), the pellet containing isolated nuclei, chloroplasts and mitochondria was resuspended in 48 lL of Organelle storage buffer [50 mM HEPES-KOH pH 7.9, 5 mM MgCl 2 , 0.1 mM EDTA, 40% (v/v) glycerol], and stored at À80°C until use. The solution containing isolated organelles was mixed with 45 lL of reaction buffer (10 mM HEPES-KOH pH 7.9, 300 mM KCl, 5 mM MgCl 2 ), 5 lL of DIG RNA labeling mixture (Roche) and 2 lL RNasin plus RNase inhibitor (40 U lL
; Promega), and incubated for 15 min at 30°C. Labeled run-on transcripts were purified and hybridized to 0.7 lg each of nonlabeled 18S rRNA, rrn16 and rrnS coding regions that were blotted on nylon membranes using a Bio-Dot microfiltration system (BioRad). Each fragment was PCR-amplified from C. merolae genomic DNA using the primers sets in Table S1 . Hybridization, washing of the membrane and detection of bands were carried out as for previously-described Northern blot analysis (Imamura et al., 2008) . For quantitative analysis, dots from the raw TIFF images were integrated using ImageJ analysis software (National Institutes of Health). Cell numbers of each time point were measured using a C-Chip disposable hemocytometer (Digital Bio). Quantitative data were normalized to the cell number, and relative signal intensities are presented in the figures.
RNA preparation and analysis
Cyanidioschyzon merolae cells in 20-30 mL of culture were harvested at 1200 g for 10 min, the supernatant was discarded, the pellet was dissolved in 500 lL of RNA extraction buffer [50 mM Tris-HCl pH 6.8, 5 mM EDTA, 0.5% (w/v) sodium dodecyl sulfate (SDS)], and then 500 lL of acidic phenol was added. The tube was next incubated at 65°C for 8 min, with intermittent mixing. After centrifugation at 18 000 g for 10 min, the supernatant was mixed with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1), the tube centrifuged again, and the supernatant collected in a new tube and ethanol precipitated. Isolated RNA was treated with DNase I, and the sample cleaned using an RNeasy Mini Kit column (QIAGEN) according to the manufacturer's protocol. The resultant purified RNA was used for Northern blotting, primer extension and qRT-PCR analyses in this study. Northern blot analysis was performed as described previously (Imamura et al., 2009) . Primer extension analysis to determine the rrn16 TSS was performed as described previously (Imamura et al., 2008) . The sequencing ladders (A, C, G and T) were obtained using the same primer that was used for the primer extension and pUC119-temp-rrn16 (see below). qRT-PCR analysis was essentially conducted as described (Imamura et al., 2015) , with modifications. Complementary DNA (cDNA) fragments were synthesized using poly(dT)-tailed and 18S_RT_R1 (Imamura et al., 2015) primers, and 0.3 lg total RNA at 55°C with a Transcriptor High Fidelity cDNA Synthesis Kit (Roche Applied Science), according to the manufacturer's protocol. For the qPCR, 20 lL of reaction mixture containing 1 lL of cDNA, 10 pmol of each primer and 10 lL of THUNDERBIRD qPCR Mix (Toyobo) was used. Amplifications were carried out in a MX3000P (Stratagene) thermocycler by denaturation of the reaction mixtures at 95°C for 2 min; followed by 30 cycles of 10 sec at 95°C, 20 sec at 55°C and 20 sec at 72°C. Data were collected and analyzed at each 72°C stage. After the amplification, a melting curve was examined to confirm specific amplification of the products. A standard curve was constructed with several serial dilutions of cDNA, synthesized with total RNA extracted from each control condition. The relative abundances of target transcripts were calculated using the standard curve. Levels of 18S rRNA were used as internal controls, as described previously (Imamura et al., 2015) . Assays without cDNA were examined for every experiment as a negative control. All assays were carried out in duplicate. Primers used in Northern blot analysis, primer extension and qRT-PCR analyses are presented in Table S2 .
Construction of the FLAG-fused CmRSH4b strain
CmRSH4b upstream (+1419 to +2919, where +1 is the initiation codon) and downstream (+2922 to +4422) regions were PCRamplified using primer sets F1 (5 0 -GACACGTGAATTTA AATAGGGCGTCGTCAATGGACGAGTCG-3 0 ) and R1 (5 0 -TGAA AATAAAGATTTTCAGGCGAGGAGAACGCAGCTCCGC-3 0 ), and F2 (5 0 -AGGGATTGTGGCGCGACAGGCCACGCTCGCGAGTCTGCGC-3 0 ) and R2 (5 0 -GACACGTGAATTTAAATAGGTCGGCATCCGACGGCAG CGG-3 0 ), respectively. The PCR-amplified DNA fragments were cloned into StuI-digested pMKTf using an In-Fusion HD cloning kit (Clontech) to construct pMKTf-N082-Tagging. DNA fragments approximately 6.6 kbp in size (the part of CmRSH4b containing the ORF, FLAG-tag, nos terminator, URA5.3 selection marker and CmRSH4b terminator, as ordered from the 5 0 -end to the 3 0 -end) were amplified using an F1 and R2 primer set and pMKTf-N082-Tagging as a template. Resultant DNA fragments were transformed into the SF12 host strain as described previously (Imamura et al., 2017) . Selected transformants were cultured separately, and PCR analysis was performed using primers F3 (5 0 -TTGTAAAACGACGGCCAGTG-3 0 ) and R1, with genomic DNA from each transformant as a template. Total protein was isolated from each transformant, and expression of FLAG-fused CmRSH4b protein was examined by immunoblot analysis. Based on the results from the PCR and immunoblot analyses, a FLAG-fused CmRSH4b-expressing strain, TT082-FLAG, was obtained.
Immunoblot analysis
Immunoblot analysis was performed as described previously (Imamura et al., 2003 (Imamura et al., , 2008 ) using antibodies against FLAG-tag (Sigma).
Complementation test of CmRSH4b in Escherichia coli
To construct a CmRSH4b expression vector, the CmRSH4b gene (+888 to +2502, where +1 is the initiation codon) was PCR-amplified using N082-NC_F2 (5 0 -TCACCATCACGGATCCGCGCGAGGG GAACGCGA-3 0 ) and N082-NC_R2 (5 0 -CGACCCGGGGTACCGTGAG GCTACAGCAGCATC-3 0 ) primers and C. merolae genomic DNA as a template. The PCR product was cloned into BamHI/SalI-digested pQE80L (QIAGEN) using an In-Fusion HD cloning kit, to construct pQE-N082. pQE-N082 or pQE80L was introduced into E. coli strain CF1678 (relA et al., 1991) and selected on LB supplemented with 15 lg mL À1 kanamycin, 20 lg mL À1 chloramphenicol and 100 lg mL À1 ampicillin. Transformants were transferred to M9 minimal medium containing 0.2% glucose, 100 lg mL À1 ampicillin, 1 lM IPTG and/or 0.2% casamic acid, and were grown at 37°C for 24 h.
Intracellular localization
To express GFP-fused CmRSH4b (CMN082C), CmGK3 (CMS484C), CmGK1 (CMD076C) and CmGK2 (CMI041C), each gene was PCRamplified using the primer sets in Table S3 , and each fragment was cloned into XbaI-digested pCG1 (Watanabe et al., 2011) using an In-Fusion HD cloning kit to construct pCG1-N082, -S484, -D076 and -I041, respectively. Plasmids (20 lg each) were transformed into C. merolae WT cells, and GFP-fluorescence was observed as described previously (Watanabe et al., 2011) .
In vitro transcription
In vitro transcription analysis was performed as described previously (Imamura et al., 2008) , with modifications. The rrn16 promoter region (À455 to +123, where +1 is the TSS) was amplified using primers rrn16-template-F2-BamHI (5 0 -ATGGATCCACGC TATGCAGTAATCGGAGGA-3 0 ) and rrn16_template_R2_HindIII (5 0 -T CAAGCTTTACTCACCCGTTCGCCACGC-3 0 ), and C. merolae genomic DNA as a template. The PCR-products were digested with BamHI and HindIII, and then cloned into the same restriction enzyme sites of pUC119, to construct pUC119-temp-rrn16. RNA products synthesized in vitro were extended using the 18S_PE_pUC119_R1 primer (Imamura et al., 2008) , as described above. Sequencing ladders were obtained as described above.
Purification of recombinant GK proteins and measurement of their activity
To clone the CmGK1 (CMD076C), CmGK2 (CMI041C) and CmGK3 (CMS484C) genes, CmGK1 (+1 to +639, where +1 is the initiation codon), CmGK2 (+1 to +639) and CmGK3 (+1219 to +1818) were PCR-amplified using the primer sets in Table S4 and C. merolae genomic DNA as a template. The PCR-amplified fragments were cloned into NdeI-digested pET15b, to construct pET15b-D076, -I041 and -S484(1818). Overproduction of His-tagged recombinant protein in E. coli BL21(DE3) and its subsequent purification were performed as described previously . The GK activity of each purified protein was measured as described previously (Nomura et al., 2014) .
Construction of the CmRSH4b overexpression strain
The CmRSH4b gene was amplified with primers N082_pNITE_F1 (5 0 -TCTGCCCGGGTCTAGCATGTCAACTGGGCGCTC-3 0 ) and N082_ pNITE_R1 (5 0 -GCAGGTCGACTCTAGCCGAGGAGAACGCAGCTC-3 0 ), using C. merolae genomic DNA as a template. The PCR-amplified gene was then cloned into XbaI-digested pNITE using an InFusion HD cloning kit to create pNITE-N082. To construct pNITE, the nitrite reductase gene (NIR, CMG021C) promoter region was amplified with primers G021_Blunt_F1 (5 0 -GAAATAGCT TGAGGCGGGATCGGTG-3 0 ) and G021_SmaI_XbaI_R1 (5 0 -CATC TAGACCCGGGCAGAGTATACCGCACGCGCAACTAT-3 0 ) using C. merolae genomic DNA as a template. The PCR-amplified gene was then digested with XbaI and cloned into XbaI/SmaI-digested pURA+FLAG (Fujii et al., 2013) to create pNITE. The SF12 strain was transformed with pNITE-N082 or pNITE, as previously described to obtain the CmRSH4b-expressing strain, RSH4b_ox, or its control strain, RSH4b_c, respectively.
Analysis of DNA copy numbers from the nucleus, chloroplast and mitochondrion under the TOR-inactivation conditions
The detailed protocol for analysis of DNA copy numbers from the nucleus, chloroplast and mitochondrion is provided in Method S1 in the Supporting Information.
Extraction and detection of purine nucleotides
The detailed protocol for extraction and detection of purine nucleotides is provided in Method S2 in the Supporting Information.
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